Abstract We report studies on the growth of gold nanoparticles by a seed-mediated approach in solution. The synthetic method is adapted from one we published earlier (Ashkarran et al. Appl. Phys. A 2009, 96, 423). The synthesized gold nanoparticles were characterized by X-ray diffraction (XRD), dynamic light scattering (DLS), UV-Vis spectroscopy, optical imaging and atomic force microscopy (AFM). Optical absorption spectroscopy of the prepared samples at 15 A arc current in HAuCl4 solution shows a surface plasmon resonance around 520 nm. It is found that sodium citrate acts as a stabilizer and surface capping agent of the colloidal nanoparticles. The intensity of the plasmonic peak of the prepared gold nanoparticles for 1 minute arc duration gradually increases due to seed mediation for up to 6 hours. The formation time of gold nanoparticles at higher seed concentrations is less than that at lower seed concentrations.
Introduction
Noble metal nanoparticles, especially gold, have aroused particular interest due to their practical applications in optoelectronic [1, 2] , photocatalysts [3, 4] , biosensors [2, 5, 6] , biological labeling [2, 7, 8] , surface enhanced raman spectroscopy (SERS) [9∼12] , and sizeand shape-dependent optical properties. Several methods including photochemical [13∼15] , electrochemical [16, 17] , chemical reduction [18] , ion irradiation [19, 20] , and plasma processing [21] have been used to prepare gold nanoparticles. Most of the mentioned methods are based on chemical and physical reduction, which can provide size and shape controllable monodisperse particles. However, the accurate synthesis of colloids is never straightforward since small changes in synthesis procedures can give completely different results. Compared with other techniques, the electrical arc discharge in liquid is attractive because the apparatus is simple to build, with no need for vacuum equipment, and the source materials are cheap. The simplicity of this method also allows for scaling up for mass production as we described in detail in our previous work [22] . By using the conventional arc discharge method in liquid, two gold electrodes are used to obtain gold nanoparticles as LUNG and co-workers reported [23] . Two gold electrodes were melted by high temperature caused by plasma discharge, and converted into gold nanoparticles. They obtained nanoparticles with diameters from 7 nm to 40 nm, which is too broad compared with the distribution obtained using the chemical reduction methods. Although they achieved a smaller particle size by using anhydrous ethanol instead of pure water recently [24] , we do not use gold electrodes to produce gold nanoparticles. In all previous reports, the electrodes play a direct role in the formation of the final nanoparticles whereas, in the present work, we do not utilize gold electrodes to produce the gold nanoparticles. In fact, we have used the electron rich-source of the plasma region produced by discharge between two titanium electrodes in HAuCl 4 solution to reduce HAuCl 4 into Au nanoparticles according to reduction Eqs. (1) and (2) described in detail in our previous work [22] :
The advantage of the current research over the previously published is that in this work we have investigated the effect of the seed concentration as a crucial parameter in the formation of the final gold nanoparticles, whereas in previous work we just reported the observed phenomenon and did not investigate the effect of this important parameter. In fact, 1 min arc duration leads to the formation of initial gold seeds, which cause the reduction of all present gold ions in solution to gold nanoparticles up to 6 hours [22] . So we may also expect the formation of gold seeds in arc durations less than 1 min. The main idea is that in very low arc durations such as 30 s, 10 s or even lower, we will definitely have some formed gold nanoparticles, which serve as seeds for reducing gold ions to zero valent gold nanoparticles. Consequently it is not necessary to use a 4 min arc duration (in given experimental conditions such as concentration of primary HAuCl 4 and arc current) to reduce the whole gold ions to gold nanoparticles, but instead we can reduce the arc duration to a very low duration such as 10 s or even less and just let the solution to transform to gold nanoparticles itself over a longer time. Actually the innovation is that we just make the discharge process between titanium electrodes in HAuCl 4 solution for a very short period of time (maximum 10 s, possible to be shorter) and put the solution aside and wait until the whole gold ions in the solution reduce to gold nanoparticles after about 1 week. In fact, without any further chemical or physical processing we will have final gold nanoparticles at the end of one week. In the current study, we prepared gold nanoparticles by electrical arc discharge between titanium electrodes in HAuCl 4 solution and studied the effect of the primarily gold seeds on the formation of gold nanoparticles in 15 A arc current and 1 minute arc duration. The formation process was monitored through both UV-Vis spectroscopy and optical imaging. The main advantage of this method is the formation of gold nanoparticles by adding some seeds through the discharge process without any physical or chemical reactions. We also propose a mechanism for the formation of gold nanoparticles based on our observations.
Experimental setup
The preparation system consists of two main parts, as we have reported in our previous work
[25∼29] : a high current DC power supply and a reactor including an anode, a cathode and a micrometer, which moves the anode towards the cathode. In this work, a 15 A arc current was applied between two titanium electrodes in HAuCl 4 solution. The voltage was dropped to about 3 V during the arc while the current was fixed to a desired amount. Both the anode and the cathode were titanium, wire shaped, 2 mm in diameter, and 99.99% purity. In this arc current, which was the threshold current for discharge between titanium electrodes, discharge only occurred between the electrodes and there was negligible erosion for titanium based on energy dispersive X-ray spectroscopy (EDX) analysis, as depicted in Table 1 . Initially, we brought the two electrodes into touch leading to a small contact cross section and thus to a high current density. As a result, an arc discharge occurred between the titanium electrodes and HAuCl 4 reduced to gold nanoparticles by means of electrons coming from the plasma zone. The analysis of the crystalline structure was performed by a XRD diffractometer (X'pert Philips) with a wavelength of Cu Kα radiation being 1.5406Å in a 2θ range from 10
• to 80
• by 0.05 • s −1 steps. The size distribution of the nanoparticles was determined by using a Zetasizer Nano ZS by the Malvern Company. EDX analysis was done by using a Philips XL30 instrument at a 20 kV accelerating voltage. UV-Vis spectroscopy of the samples was taken by a Lambda 950 spectrophotometer (Perkin Elmer) from 200 nm to 1100 nm wavelengths. AFM images were taken by a Veeco Autoprobe instrument in non-contact mode and the results were analyzed by Spip software (version 4.5).
3 Results and discussion Fig. 1(a) shows the pale yellow and almost transparent HAuCl 4 solution in the arc reactor before the discharge process. By applying the discharge process between the titanium electrodes in HAuCl 4 solution, the color of the solution gradually changes to red, which indicates the formation of gold nanoparticles. After the discharge process, the color of the solution completely changes to red, which results from the formation of spherical gold nanoparticles, as depicted in Fig. 1(b) . Fig. 2 displays the optical absorption spectroscopy of the prepared sample obtained from discharge between the titanium electrodes in HAuCl 4 solution with a 1 mM concentration. The absorption peak around 520 nm corresponds to the characteristic plasmonic peak of gold nanoparticles and shows the formation of gold nanoparticles. Also the shape and location of the plasmonic peak reveal the formation of spherical nanoparticles with an aspect ratio close to 1. AFM analysis was performed to find the size and shape of the resulting gold nanoparticles (Fig. 4(a) ). Results revealed that particles with an average diameter of almost 12 nm were formed during the seed mediated growth process (Fig. 4(b) ). Due to the artificial effects in THE AFM technique, accurate size determination is a little difficult. AFM images are usually a composite of probe and sample geometry and vary depending upon the tip shape. When both the sample geometry and the geometry of the imaging portion of the tip are unknown, an AFM image contains little quantitative information. But, according to our previous results we expect almost spherical gold nanoparticles in the seed mediated growth procedure. The AFM image also exhibits rather good monodispersity of the formed gold nanoparticles, as illustrated in Fig. 4(a) . To ensure the particle size distribution, we performed DLS analysis, which is based on the scattering of the laser light in aqueous solution. By using this technique, particles will be illuminated with a laser and, by using the intensity fluctuations of scattered light arising from Brownian motion and the Stokes-Einstein equation, the hydrodynamic diameter of the particles will be calculated. Fig. 5 illustrates the DLS results of the prepared gold nanoparticles in solution. The size distribution of the particles reveals the formation of nanoparticles with an average diameter of 10.5 ± 0.5 nm and a narrow distribution of about 2 nm. We performed 3 measurements for each sample and observed that there was not much difference among them (Fig. 5) . As we have described in detail in our previous work [22] , gold nanoparticles of an 8 nm diameter (detected by TEM) were formed during the reduction of HAuCl 4 in the plasma discharge zone. This is in close agreement with the AFM and DLS results, too. The produced gold nanoparticles precipitated after about 2 weeks in DI water and we found that sodium citrate acted as a stabilizer and surface capping agent of the colloidal gold nanoparticles. In a 1:13 volume ratio for HAuCl 4 : sodium citrate with a 1 mM concentration, the gold nanoparticles were stable for several months. We found that all the HAuCl 4 molecules would reduce after about a 4 min arc duration and 15 A arc current. By increasing the arc current, the erosion rate of the titanium electrode increases but the amount of HAuCl 4 reduction also increases. The method presented by Turkevich and co-workers in 1951 [30] is the most conventional way available for the synthesis of gold nanoparticles. It involves the reaction of HAuCl 4 with sodium citrate as both a reducing agent and a capping agent. But, the problem is that the reaction is initiated thermally or by UV irradiation, which results in similar final products. While in the current work we did not use high temperatures (all experiments were done at room temperature) or any kind of irradiation. Even though we used sodium citrate in this work too, it just acted as a capping agent and reduction reactions happened just by the electrons coming from the discharge process. In fact, in the absence of sodium citrate we had gold nanoparticles too, but they precipitated after about 2 weeks and we used sodium citrate only to have more stable colloidal gold nanoparticles.
The interesting phenomenon that we observed in our experiments was the increasing of the intensity of the plasmonic peak of the prepared gold nanoparticles in a 1 min arc duration and 15 A arc current up to 6 hours ( Fig. 6(a) ). We observed that for samples prepared at a 15 A arc current and 1 min arc duration, the intensity of the plasmonic peak gradually increased and the pale red color of the as prepared solution changed to red and dark red due to the reduction of gold ions by sodium citrate. As showed in optical absorption spectroscopy [22] , the amount of electrons injected from the discharge zone to the solution in 1 min arc duration is not enough to reduce all gold ions to gold nanoparticles. Optical images of the prepared samples at 15 A arc current and 1 min arc duration, which are pale red, also verify this result (Fig. 6(b) ). Optical spectroscopy and images of the sample reveal that the intensity of the plasmonic peak gradually increases and the color of the solution completely changes to red. This shows that, however, the discharge process ends but the gold formation process continues (Fig. 6(a) and (b) ). Therefore there may be some gold ions remaining in the solution and reduced to gold nanoparticles. In fact, the primary gold seeds formed in 1 min arc duration serve as nucleation sites for the reduction of gold ions and result in the formation of gold nanoparticles and the increase of the intensity of the plasmonic peak. The main concept of seed-mediated growth of nanoparticles is that small nanoparticle seeds serve as nucleation centers to grow nanoparticles to a desired size [31, 32] . We examined this common assumption for shorter arc durations such as 30 s and even 10 s. Figs. 7 and 8 show optical absorption spectroscopy of the as prepared samples prepared at 15 A arc current and 30 s and 10 s arc duration, respectively. As is clear from the absorption spectra, the intensity of the plasmonic peak in the prepared samples is not so sharp, indicating less formation of gold nanoparticles. This is also obvious from the optical images of those samples. We found that the intensity of the plasmonic peak increased gradually over 4 days and after that there were no remarkable changes in the intensity of the plasmonic peak. Optical images of the prepared samples also indicate more formation of gold nanoparticles over 4 days. In fact, after 4 days, the color of the solution completely changes to red and remains stable for several months ( Fig. 9(a) ). We also observed such behavior in the formation of silver nanoparticles using arc discharge between titanium electrodes in AgNO 3 solution (Fig. 9(b) ). The inset of Fig. 9(b) shows an optical image of silver nanoparticles (beside the produced gold nanoparticles) at 15 A arc current and 30 s arc duration after 3 weeks. This experiment was done in order to prove the proposed reactions and mechanism for the formation of gold nanoparticles which we have reported in detail in our previous work [27] . In fact, by replacing HAuCl 4 with AgNO 3 or any other appropriate metal salts we may expect to have the corresponding metal nanoparticles. Therefore, based on our observation so far, we may expect to have Pt nanoparticles if we use PtCl 4 , Pd nanoparticles if we use PdCl 2 or Fe nanoparticles if we use FeCl 3 or any other suitable metal salt.
Conclusion
In summary, we have studied the seed-mediated reduction of gold salt by the electrical arc discharge between titanium electrodes in water. Optical absorption of the prepared sample exhibits a plasmonic peak around 520 nm, which corresponds to the surface plasmon resonance of gold nanoparticles. We have observed that all HAuCl 4 molecules will reduce to gold nanoparticles after about 4 min at 15 A arc current. Optical absorption of the samples prepared at 15 A and 1 min arc duration at different time intervals shows an increase of the plasmonic peak due to seed mediation up to 6 hours. In lower arc durations, the saturation time is 4 days due to lower concentration of seeds. However, in higher arc durations, the intensity of the plasmonic peak saturates within a few hours.
